Summary
In order to infect their mammalian hosts, F. hepatica larvae must penetrate and traverse the intestinal wall of the duodenum, move through the peritoneum and penetrate the liver. After migrating through and feeding on the liver, causing extensive tissue damage, the parasites move to their final niche in the bile ducts where they mature and produce eggs. Here, we have integrated a transcriptomic and proteomic approach to profile Fasciola secretory proteins that are involved in hostpathogen interactions and to correlate changes in their expression with the migration of the parasite. Prediction of F. hepatica secretory proteins from 14,031 expressed sequence tags (ESTs) available from the Wellcome Trust Sanger Centre using the semi-automated EST2Secretome pipeline showed that the major components of adult parasite secretions are proteolytic enzymes including cathepsin L, cathepsin B and asparaginyl endopeptidase cysteine proteases as well as novel trypsin-like serine proteases and carboxypeptidases. Proteomic analysis of proteins secreted by infective larvae, immature flukes and adult F. hepatica showed that these proteases are developmentally regulated and correlate with the passage of the parasite through host tissues and its encounters with different host macromolecules. Proteases such as FhCL3 and cathepsin B have specific functions in larvae activation and intestinal wall penetration, while FhCL1, FhCL2 and FhCL5 are required for liver penetration, and tissue and blood feeding. Besides proteases, the parasites secrete an array of antioxidants that are also highly regulated according to their migration through host tissues. However, whereas the proteases of F. hepatica are secreted into the parasite gut via a classical ER/Golgi pathway, we speculate that the antioxidants, which all lack a signal sequence, are released via a non-classical trans-tegumental pathway.
Introduction
Fasciola hepatica is a helminth (worm) parasite with a world-wide distribution.
Although traditionally regarded as a parasite of livestock, particularly sheep and cattle, that results in a large economic loss to the agricultural community it has recently emerged as an important human infection in many regions of the world, including South America, Iran, Egypt and mainland South-East Asia (1) . Dormant larvae contained within cysts adhere to vegetation and emerge as infective juveniles (newly excysted juveniles, NEJs) in the duodenum following ingestion by animals or humans. They infect their hosts by rapidly penetrating the intestinal wall and entering the peritoneal cavity where they break through the liver capsule. After 8-12 weeks of consistent burrowing, feeding and growth within the liver parenchyma they move to their final destination within the bile ducts where they mature and produce enormous numbers of eggs (2) . The two distinct clinical phases of fasciolosis are directly related to the parasites' migration: acute fasciolosis, which manifests as fever, abdominal pain, weight loss and hepatomegaly, is associated with liver tissue damage and inflammation caused by the migrating immature parasites, whereas chronic fasciolosis (usually sub-clinical) is coupled with the presence of the mature adult flukes in the bile ducts (1, 3) .
These invasive helminth parasites undergo complex changes as they migrate within their definitive mammalian hosts. The developing parasites encounter different host tissues and macromolecules and have to contend with a continually changing physiological microenvironment (such as pH and oxygen availability), and a mounting humoral and cellular host immune response. Morphological and ultrastructural studies clearly show major alterations of the parasite surface and gastrodermis, the two host-parasite interfaces, as they migrate and grow (4) . However, we are only beginning to understand the molecular and biochemical interactions that occur between host and parasite and how these adjust as the parasite's development progresses. A deeper knowledge of such host-pathogen interplay should provide data on novel targets for anthelmintic compounds and potential anti-parasite vaccine candidates.
Increasingly, proteomic analysis is being employed as a means to investigate the interaction of helminth parasites and their hosts, particularly in cases where obtaining pathogen material is difficult (5) (6) (7) (8) (9) . For some helminths these studies have been facilitated by the availability of large transcriptomic datasets (10) (11) (12) .
Unfortunately, the Fasciola nucleotide sequences available in GenBank are relatively few and highly redundant (298 for F. hepatica and 142 for F. gigantica as of 15/01/2009) and the adult F. hepatica ESTs currently available from the Wellcome Trust Sanger Centre (14,031 reads) are unannotated (therefore the current identification of peptides of interest requires manual BLAST analysis using specific query sequences). Accordingly, in this study we employed the semi-automated EST2Secretome pipeline to analyse all available F. hepatica ESTs for secretory proteins potentially involved in host-pathogen interactions (13) . EST2Secretome was developed in our laboratory by optimizing signal-peptide-mediated secreted protein prediction from our earlier predictions of parasitic nematode ESTs (14, 15) . We have integrated this transcriptomic data with a proteomic analysis of the molecules secreted by adult F. hepatica, with a particular emphasis on proteolytic enzymes. Furthermore, we have also analysed the somatic and secreted molecules of the infective NEJ parasites and compared these to the secretome of immature and adult parasites taken from liver tissues. In doing so we have produced a comprehensive view of how F. hepatica differentially and developmentally express and secrete proteolytic enzymes and other molecules according to the specific challenges faced in the intestine, liver and bile ducts. Fasciola hepatica cathepsins B and cathepsin L (FhCL3) are stored as zymogens within the infective larvae ready to be trans-activated by specific asparaginyl endopeptidases, and released to perform the highly-specific function of host tissue invasion (intestinal epithelium and liver capsule). By contrast, cysteine proteases belonging to the phylogenetic clades FhCL1, FhCL2 and FhCL5 are expressed during the later stages within the liver and bile duct and function in tissue degradation and feeding alongside the cell-lytic protein saposin and a newly-described prolylcarboxypeptidase. Several novel developmentally-regulated cathepsin L and cathepsin B cysteine proteases, and members of two serine protease families, namely carboxypeptidase and trypsin-like serine proteases, which may also have important roles in host-parasite interplay, have also been identified. Finally, our observations have led us to propose that whereas the major proteases of F. hepatica are secreted into the parasite gut via a classical ER/Golgi pathway, an array of abundant and highly-regulated antioxidants are released via a non-classical trans-tegumental pathway.
Experimental Procedures

Analysis of the F. hepatica ESTs using EST2Secretome
Transcriptome analysis for secretory proteins from 14031 Fasciola EST sequences, 
Proteomic analysis of parasite somatic and secreted proteins: gel electrophoresis and mass spectrometry
The profile of proteins secreted by adult F. hepatica has been recently studied using two-dimensional electrophoresis (2-DE) by us and others (8, 20, 21 concentrated from the culture supernatants by precipitation with methanol / chloroform as previously described (6) . Pellets were resuspended in 10 µl RIPA buffer and stored at -20°C prior to separation by electrophoresis.
Results
Transcriptomic profiling of adult F. hepatica secretory proteins
Of the 14031 adult F. hepatica raw EST sequences available, a total of 12954 (92.3 %) quality sequences were obtained (Table 1 ). Cluster analysis of the 12954 ESTs briggsae (38 %) (25) .
All rESTs were then subjected to analysis using our recently reported semi- The next most abundant secreted protein based on the number of ESTs identified was saposin-like protein 3 which has been reported as a secreted protein by
Grams et al. (29) and suggested to play a role in red blood cell lysis (30) . Other proteins of interest to our study include several novel cathepsin B cysteine endoproteases (designated cathepsin B4 -B10 in the current study), four novel asparaginyl endopeptidases or legumains (designated legumain 4 -7 in the current study) and a cysteine protease inhibitor, cystatin. Additionally, three putative novel adult serine proteases were identified -a serine carboxypeptidase and two proteins with trypsin-like protease domains. Other ESTs encoded secreted vitelline protein B1
that is found in eggs produced by the adult parasite (31) ( Table 2) .
A Fasciola protein disulphide isomerase was also predicted that has previously been identified in the secretions of adult flukes (32) . Protein disulphide isomerases have roles in protein folding and a Fasciola recombinant enzyme was shown to mediate the oxidative refolding of reduced RNase (32) . A putative peptide with a number of cubulin domains was also predicted in the current analysis. Cubulin domains occur predominantly in extracellular proteins or plasma membraneassociated proteins with a range of functions including complement activation, tissue repair, cell signalling and inflammation (33) . Although the Fasciola peptide contains a predicted N-terminal transmembrane region, its molecular function remains unknown. We note that while orthologues are available for 6 proteins, including an uncharacterised secretory protein from Clonorchis sinensis, their function remains elusive. A total of 36 secreted proteins (21.9 %) are novel but no database matches exist at the present time (Table 2) .
Proteomic profiling of adult F.hepatica secreted proteins.
We and others have previously characterised the major secretory proteins expressed by adult F. hepatica using 2-DE (8, 20, 21) . To complement these earlier studies, and to validate the use of 1-DE for proteomic analysis, we analysed tryptic digests 
Discussion
The database of F. hepatica ESTs available from the Wellcome Trust Sanger Centre is now sufficiently large as to allow a significant transcriptomic analysis of this helminth pathogen, which until now has been lacking in this field. We have employed our newly developed EST2Secretome pipeline to analyse these data sets with the view to identifying molecules secreted by the adult trematode, F. hepatica, unlike earlier applications to nematode parasites which focused on the complete transcriptome.
Furthermore, we have integrated these results with data generated from proteomic analysis performed here and in previous reports (8, 20, 21) to build a picture of how the developing parasite sustains itself within the mammalian host, with particular emphasis on proteases as virulence and tissue-damaging factors.
EST2Secretome analysis of the adult F. hepatica ESTs identified 160 cDNAs encoding secreted proteins, 41% of which encoded cathepsin L cysteine proteases.
The abundance of adult cathepsin L sequences was noted in a previous analysis of entries in the public databases (8, 35) . When these sequences were subjected to a phylogenetic investigation it was demonstrated that they could be separated into five Conversely, a number of F. hepatica proteins that have previously been described as major components of the adult parasite secretions by standard protein and proteomics methods were not predicted by the EST2Secretome pipeline. These included the fatty acid-binding proteins, FaBP1, FaBP2, FaBP3 and Fh15 (20, 21) , and two redox enzymes, thioredoxin and peroxiredoxin (20, (46) (47) (48) In summary, our EST2Secretome pipeline was successful in identifying the major secreted proteins of adult F. hepatica. Integration of this analysis with proteomic data is important for the study of helminth host-pathogen relationships to distinguish proteins that are secreted extra-corporeally from those secreted within the internal tissues of the parasites. Additionally, this integrated approach identified major helminth secreted proteins that may reach the exterior by novel or non-classical secretory pathways.
Proteomic analysis of the dormant and infective stage larvae
Having collated the secretome data for adult F. hepatica we performed a comparative analysis of this with the infective larvae that invade their host by penetrating the intestinal wall. The larvae of F. hepatica (<1 mm in length) are released by the intermediate snail host (Galba truncatula) and encyst on vegetation that is consumed by the host. For research purposes these are produced in an aquarium and the larvae are allowed to encyst on cellophane. However, because under these conditions the encysted metacercariae can become contaminated with extraneous material we used a method of washing in 2 % hypochlorite to remove this and the outer cyst wall so that a proteomic study of the dormant larvae could be performed. We also used a medium containing bile duct surfactants to activate the larvae and induce them to excyst so that their secretome could be analysed. We found that the level of Fasciola Phylogenetic studies showed that cDNA clones generated from transcripts of Fasciola larvae, designated clade FhCL3, encoded a cathepsin L protease that was specific to this infective stage (8, 35) ; the cDNA encoding this protease, FhCL3_nl22, was originally described by Harmsen et al. (56) . Earlier studies by Tkalcevic et al. However, unlike the FhCL3, we also found some cathepsin B at ~20 -36 kDa ( Figure   1 , NEJ secretome gel section 3) which is consistent with the occurrence of processed active enzymes within the dormant larvae (which have a predicted molecular mass of 29.6 kDa, 57). While each of the three cathepsin B were also found as fully active enzymes in the secretions of larvae, in the region of ~20 -36 kDa, we also discovered a novel family member, encoded by a Fasciola EST HAN4015b05.q1kT3 (here designated cathepsin B4) ( Figure 2B ; Table 3 ).
Cysteine proteases are produced as inactive zymogens consisting of a prosegment and mature domain (58) . The prosegment lies along the active site groove Mass spectrometry data from the immature 21 day-old F. hepatica (and subsequently found in adult parasite secretome) matched with several ESTs encoding a putative prolylcarboxypeptidase ( Figure 2B ; Table 3 After the parasite has entered the bile duct it completes its maturation and becomes an obligate blood feeder. Blood provides all the necessary nutrients (macroand micro-molecules) needed for production of enormous numbers of eggs, the principle function of the adult parasite (37) . The total protease secretion is assumed completely by the various cathepsin L proteases, clade FhCL1 (69 %), FhCL2 (22 %) and FhCL5 (9 %), which can degrade macromolecules such a haemoglobin to small peptides which are absorbed by the parasite for further digestion to free amino acids within its tissues (36, 37 and five glutathione S-transferases (GST sigma and mu class) (20, 21, 32, (46) (47) (48) 73 ).
These molecules have been implicated in fluke immune avoidance mechanisms; for example, secreted isoforms of Fasciola GSTs were shown to decrease the proliferative response of rat spleen cells and diminished nitric oxide production by macrophages (73) whereas peroxiredoxin plays a key role driving host Th2 immune responses via the recruitment and alternative activation of peritoneal macrophages (74, 75) . Fasciola peroxiredoxin, thioredoxin and protein disulphide isomerase may also protect the parasites from harmful reactive oxygen species released by host immune cells (32, 47, 48, 76) .
Analysis of the emPAI values for these various anti-oxidants indicates that, like the proteases, their secretion is highly regulated during the migration of the parasite ( Figure 3A ). The profile of secretory antioxidants is similar for the NEJs and adult flukes; both secrete several FaBPs together with peroxiredoxin (although thioredoxin is also secreted by the adult worms). However, the diversity of the antioxidant molecules secreted by the immature liver-stage parasites is notably different to these two stages with the dramatic production of glutathione-Stransferases (GST), including sigma class GST and four isoforms of mu class GSTs (GST1, GST7, GST47 and GST 51); together these account for 50 % of total antioxidants expressed at this stage. GST may provide a particular defence for the fluke against a mounting host cellular immune response as the immature parasite is in direct contact with the immune systems as it migrates through the liver parenchyma.
At this stage also the parasite has moved from an aerobic to an anaerobic environment and therefore significant changes take place in its metabolism, particularly in the tegument which is the primary host-parasite interface (77) . Clearly, the combined action of FaBPs, peroxiredoxin and thioredoxin offer sufficient protection for the adult flukes residing within the immunologically-privileged bile ducts.
It was also noted that each of the aforementioned antioxidant classes found in the secretome of F. hepatica do not possess a signal sequence for secretion (with the exception of protein disulphide isomerase that also has a putative ER-retention signal and may act as a chaperone to ensure proper folding of classically secreted Fasciola peptides). This suggests that they are secreted via non-classical mechanisms, possibly shedding or blebbing of the tegument (see above). Accordingly, we propose that two distinct mechanisms for protein export operate for the most abundant proteins in The contigs and singletons generated by pre-processing, overall representative ESTs (rESTs), peptides from conceptual translation and putative secretory proteins identified are shown.
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